A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1




LA-UR--64-499

=~
: Nz - ~ -\‘-\_‘<
DEG4 007504 = =B ORI :

Los Alamos Nalional Laboralory 13 operated by the University of Calito na for the Uniled States Department of Energy under contract W-7405.ENG- 16

TITLE A PRELIMINARY MODEL FOR HEAT TRANSPORT WITHIN A
TONGUE-AND-RESERVOIR LIQUID DIODE FOR PASSIVE SOLAR HEATING

OS] S

PORTIONS G ov"n 0 - = Ty oy g,

AUTHOR(S) G. F. Jones i has bec: :.: ST WA best
avallable cou':y it oo Hip broasdes)
- mpossible availabliily.

R\ T S |
Y IR | .l-'.\l\u‘.ﬁ'd.‘-l

SUBMITTED TO ASME/AIChE National Heat Transfer Conference
Niagara Falls, New York
August 5-8, 1964

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their 2
cmployees. mak.s any warranty, expres; or implied, or assumes any legal linbility or responsi- <
bility for the accur: cy, compleicneas, or uscfuliiess of any information, apparstus, prod: ct, or ;

process disclosed, or represcnts that itz use would nut infringe privately owned rights. Refer- )

ence herein to any specific commercial product, process, or service by trade narae, trademark,

manufacturer, or otherwisz docs not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thoreof. The views

and opinions of authors expressed herein do not neceasarily state or refiect "those of the

United States Government or any agency thereof,

By acceplance of 1his article. the pubhisher recy yvizes that the U S Government relains a nonesclusive royalty.lree icenre to publish or reproduce
the pubished form of this contnbulion of tu allow others to do 8o for US Goveinmen| purposes

The Loy Alamos Nahional Laboratory requests thal the publishar dentily this article as work petformad under the auspices ol tha U § Onpartment of Energy

) Al iong c
LOS AaMAOS Losiemos Nationa Laborstory

YORM MO 836 Aa (:’/)

€Y1 MM %a'andas


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


A PRELIMINARY MODEL FOR HEAT TRANSPORT WITHIN A BN
TONGUE-AND-RESERVOIR LIQUID DIUDE FOR PASSIVE SOLAR HEATING*

Dy

G. F. Jones
Solar Energy Section
Advanced Engineering Technnlogy
Los Alamos hational Lavoratory
Los Alamos, New Mexico 87545

ABSTRACT

We present a prelimnary model for heat transport within a
tongue-and-reservoir liquia aiode for passive solar heating. Tne
digde consists of a rectangular vertical slot (tongue) extending from
tne vottom of a rectangular-shaped reservoir at the reservoir's front
face, water is used as the working fluid in the tongue and
reservoir, Solar radiation is incident on the front face of tne
tongue, wiiich also loses heat to the outside, while rad:ation and
convection transport heat from the back of the reservoir to tne
builaing. Convection transports heat when the tongue is irradiated;
however, whe. convection ceases and the temperature of the tonyue
cools pelow that of tne .'vservoir (from exposure tu the outside
temperature), the reservoir stratifies, and the primary h2at loss
mechanism is conduction through tne tongue and its fiuid. The result
is a passive solar component that may outperform most others. Flow
in tne tongue is treatec ai bounaary layer flow; the inteyral forms
of the governing equations are combined to form a single equation
governing the local boundary layer thickness. The results are shown
to depena upon the Grashof, Prandt!, and heat-loss Biot numbers.
Results from this model ayr=e we'l with those from our flow
visualization experiments. We aiso propose a model for didde heat
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transport processes during cool-down. In this model, an empirical
coefficient accounts for the weak convective mixing that occurs in
the reservoir during this phase. Preliminary results indicate tne
coeff icient to be spatially dependent but independent of time and
reservoir temperature. More experiments are planned to further
validate both of the models described above.

l. INTRODUCTION

Recent analyses (Ref. 1) have shown that the performance of passive
heating systems could be doubled by using more effective means of transporting
passively collected solar energy to the building interior. Because of the
large conversion efficiencies that result from such increases, the common
constraint of utilizing only those surfaces that face the equator for solar
collection no longer applies. It is conceivable that, with the whole surface
area available for solar collection, we can work toward utilizing the entire
envelope area of the building.

As a first step towards achieving this goal, we must investiygate thermal
transport mechanisms or devices that operate at equal or increased rates of
solar collection and reduced rates of heat loss relative to those that are
presently state-of-the-art.

Among the advanced thermal transport devices currently under study are
thermal diodes*. Thermal diodes transport heat preferentially in one
direction. Thus, heat that is colliected at the surface of a building is
transported efficliently to the inside, but heat cannot readily escape from the
building along the same path.

We are presently investigating two types of thermal diodes. First is a
two-phdse (1iquid-vapor) diode that transports heat by means of the working
fluid's latent heat of evaporation from a hot surface (collector/boiler) to a
cool one (condenser). A recent study by Hedstrom (Ref. 3 and parsonal
communication) showed that such systems are capable of transportinyg heat
downward a distnce of about 5.5 m (18 ft) with ovarall system efficiencies of
about 50 The downward transport of heat is essential for the use of
roof-mounied apertures.



The second, slightly less complicated type, is the liquid convective
diode, which transports heat by means of a single-phase liquid by convective
motion from a heated absorber surface to a higher-placed, cooler reservoir,
Thus, the liquid convective diode performs as a collector and storage
cumponent in a single unit.

Convective diode geometries have been proposed by Jones (Ref. 4), Maloney
(Refs. 5, 6, 7, and 8), Trefethen (Ref. 9), and Trefethen and Chung (Ref.
10). The geometry described in Ref. 10, investigated in more detail by Chung
and Trefethen (Ref. 1l1), consisted of a stack of inclined flat plates bounded
by a hot slab on one side and a cool one or the other. Here, the hot slab
represents a collector surface and the cool slab, a heat excnange or encrgy
storage device. The inclination angle of the plates generates a series of
vertical cavities that slope upward from the hot to the cool slab. During
heating, density imbalances within each cavity cause convective heat transfer
from the collector to the heat exchanger or storage. However, when heating
ceases and the collector is allowed to cool through heat loss tu the outside
temperature, the fluid layers within each cell become stable, and heat '
transport in the opposite direction is primarily by molecular conduction
through the stacked plates and the stagnant working fluid,

The behavior described above is fundamental to all convective diode
geometries; we note that convective diode operation consists of two distinct
phases:* warm-up, where heat is transported to the diode from solar heacing;
and cool-down, where heat is transported from the diode to the outside. )
Further heat transport may occur to the building directly from hot surfaces of
the diode during either cf these two phases.

This paper concerns the analysis of heat transport processes in a type of
liquid convective dicde (hereinafter referred tn as "diode"). Both
experimental and analytical methods have been employed and preliminary
performance models are proposed from thecretical considerations and from the
resu’ts of the experiments.

A. Diode Description and Operation

The geometry for the diode under consideration, shown in Fig. 1, consists
of a rectangular vertical slot (tongue) extending from the bottom of a
rectangular-shaped reservoir at the res :.rvoir's front face. Water is used as
the working fluid in both the tongue and reservoir. In operation, solar
radiation is incident on the front face of the tongue, which is also losinyg




heat to th.. outside by convection and infrared radiation. Simultaneously,
radiation and convection heat tvansfer occur at the back face of the
reservoir, which is exposed to the interior of the building. All other outer
surfaces of the diode are insulated.

Within the diode, heat is transported by convection when the tongue is
heated (warm-up phase). However, when convection ceases and the temperature
of the tongue is reduced below that of the reservoir by ambient cooling
(cool-down phase), the reservoir flow stratifies and conduction through the
stagnant tongue fluid and the tongue itself occurs. Thus, .it is the location
of the tongue relative to the reservoir that supports stratification within
the reservoir during cool-down, and it is stratification that causes the diode
effect. Accordingly, heat losses to the outside are significantly reduced
compared with what they would be if convection were to occur during this
phase. We further note that within a conventional water wall, convection will
always occur during nighttime cooling unless the wall is adequately insulated
from outside temperatures. No movable insulation is required for the diode.

The diode geometry considered here is a variation of that proposed by
Maloney (Refs. 6 and 7) and shown in Fig. 2. The latter configuration employs
an offset between the front face of the reservoir and tongue, thus allowing
many diodes to be stacked upon one another by fitting the tonygue of one diode
into the offset in the reservoir below it.* Such an arrangement utilizes
nearly all available solar-aperture area and produces a smooth appearance of
the diode stack from both inside and outside the Luilding.

We believe that the heat transport processes that occur within the diode
are not sensitive to the differences in geometry between the Maloney-proposed
design and that which we are studying, provided the offset channc! connecting
the reservoir to the ftongue is properly designed. Because this conclusion
will become more apparent during discussion of the experimental results, no
further justification will be given here.

8. Description of Experiments

To control the rate of heat input to the diode, the front face of the
tongue (see Fig. 1) was ti.ted with a strip-heated copper plate 0.45 m
(4.8 frl ) in area and 1,65 mm (0.065 in.) thick. The strip heaters were
placed on 7 cm (2.7% in.) centers to provide heat flux on the inside surface




of the tongue uniform to within 3% as determined by a method developed by
Jones (Ref. 12). The strip heaters are capable of supply’'ag heat fluxes of up
to 1 kwlm2 to the tongue flow controllable by a variable AC power

transformer. .

A rake supporting 27 copper-constantan thermocouples (11 in the reservoir
and 16 in the tongue) was installed in the diode as shown in rigs. 3 and 4.
Data from these sensors together with ambient temperature and heater-plate
temperature were automatically scanned during warm-up once every 30 seconds
for the first 20 minutes of the experiment, and once every minute thereafter
at a rate that varied from 1 channel per second to 15 channels per second.
Power dissipated by the strip heaters was held constant during any single
warm-up experiment and was recorded manually.

During the warm-up phase, the entire outer surface of the diode, except
for the back face of the reservoir, was covered with polystyrene insulation a
minimum of 7.6 cm (3 in.) thick. A layer 15.2 cm (6 in.) thick was applied to
the heating-plate surface area. During cool-down, the insulation covering the
heating plate was removed and power to the heating plate turned off
simultaneously.

In addition to temperature measurements, flow-visualization experiments
were aiso performed using high-impact polystyrene beads of 0.1 mm (0.(78 in.)
nominal size and having a specific gravity of about 1.04. A small amount of
salt was added to the water in the diode to bring the beads to a neutrally
buoyant condition, Videotaping of selected experiments was performed for
future reference.

C. Heat Transport Analysis

1. Warm-up Phase. Past studies of natural convection in
large-aspect-ratio vertical slots of the type by Elder (Ref. 13); Buchberg,
Catton, and Edwards (Ref. 14); and Randall, Mitchell, and El1-Wakil (Ref. 15)
apply to a totally confined geomet.'y and not to the present geometry of an
open-ended tongue. Because of the lack of an upper-end effect in our case and
under the guidance of preliminary f low-visualization results to be discussed
later, we theorize fluid motion within the tongue to be boundary layer-like;
that 1s, one boundary layer results fiom the fluid rising adjacent to the
heated tongue surface and anoilher cne results from the descending flow on the
cool, opposite face of the tongue. This behavior is clearly expected under
the conditions of large tongue thicknesses and small-to-moderate heating

(51



rates; for in these cases, a nonconvective core exists such that no momentum
transport between the rising and falling flows is possible. For the present
analysis, the effect of momentum transport between the oppesing boundary layer
flows is neglected.

We further assume that energy storage rates during warm-up are small
relative to the convective heat transfer rates, so that heat-transport
processes during this phase may be treated as quasi-steady. All fluid
properties are also assumed to be constant in this analysis and the next.

Consider the boundary layer flow of water over the irradiated tongue of a
diode that also loses heat to the outside by radiation and ‘convection. The
situation is depicted in Fig. 5. The geometry and other variables used in
this and the following analysis are given in Fig. 6.

The integral forms of the boundary layer equations are written as

s ]
c 2 a - ou + ~ - 1
& [ v YL, [ 68(r-T,) dy (1)
0 0
]
d 3T
& Jur-T1) ay =k 5|, .0 (2)
(o)

These equations may be integrated and solved simultaneously after
establishing generalized shapes of the velocity and temperature profiles.
This 1s done in the ucual way (see Ref. 16) by assuming a quadratic
temperature profile and a cubic velocity profile and evaluating all of the

coefficients except one from the availablc boundary conditions. Thus, we
assume here

T-T =A *A y*+A ¥ , (3)

u=B+By+ 82y2 + 33y3 . (4)

l'he boundary conditions for this situation are
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and

Eq. (6d) results from the boundary layer form of the momer%:um equation

T(X, y=5)=‘Tm ’

u(x, y

u(x, y

y—

§)

]
o

vig g8 [T(x, y=0) - 1]

ay

written at the tongue wall.

Eqs. (3) and (4) become with Eqs. (5) and (6)

where

T-T _qﬁ(l-nlz

m

2k [Ks + 1]

(5a)

(5h)

(5¢)

(6a)

(6b)

(6c)

(6d)

(7)
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1

=q * UL(Ta -T)

K = UL/k ,
n=yls ,
and
- =l - L (8)

repectively. Here, uy i5s an unknown function of x as is the local boundary
layer thickness, §. These will be determined from the solution of Egs. (1)
and (2). In arriving at Eq. (8), the relationship

63
ux - Ké + 1 (9)

also holds.

Combining Eqs. (7) and (B) with Eqs. (1) and (2), integrating each and
eliminating the proportionality constant [implied by Eq. (9)] between them, we
obtain the dimensionless form of the governing equation for the local boundary

layer thickness

5 ~
98 360 (81 8 +1)° L+ 41 +78i§) . 0 (10)
*  pp Gr: (3 Bi 82 + 58%) 5Pr(1 + 1} Bi §)



where

s/L ,

o)
m

N
D

Bi = LUL/k (Biot number) ,

Gr: = g8 q L4IKv2 (Grashof numner) ,

Pr = v/k (Prandtl numpber) ,

and the initial congition & (x = 0) = Ei is cetermined from experiments.

Once Eq. (10) is solved for the boundar,; laye- thickness, the local
temperature and velocity profiles are determined from Eqs. (7) and (56),
respectively. Additional local and integrated heat-transfer and fluid-flow
results may then be obtained directly from these values.

Most significant among these results is an expression for the integrated
thermal performance of tne diode as a solar collector. A steady energy
balance on the tongue of the diode gives

1)

Qu(x) = q - U {T(x, y =0) - Ta_l ’ (11>

where qa(x) is the net local heat flux on the tongue surrace. After
nondimensionalizing, substituting Eq. (7) and integrating, we obtain an
expression for the instantaneous thermal efficiency of the diode tongue as

£ - [(at), - 1= (T, - T,)) ‘1 b1 fl P o (12)
= [(a1), - - - - .
atle =T Vs d Y o (B1 3+ 1) l
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We note that Eq. (12) is in the same form as the conventional Hottel-’
Whillier-Bliss (HWB) expression for the instantaneous efficiency of a flat
plate collector (def. 17) with the term in the curly brackets denoted as the
“collector heat rencval factor,” FRD' Thus, for a diode

1
Bi § dx .
Foo=] =21 ~sdax
RO 2 fo (Bi & + 1)

One notable difference here, however, is that FR for a flat plate
collector is nearly constant for a given system, whereas for a diode it is a
function of fluid properties (which, over long time periods, depend on
temperature) and, more importantly, rate of heat input to the diode tongue.
This result is a direct consequence of the fact that forced convection is
usually employed in systems using flat plate collectors, whereas natural
convection driven by heat input to the tongue is the heat transport mechanism
in diodes.

We further rote that for any nonzero value of Bi, Eq. (12) predicts
reduced values of efficiency for increased boundary layer thicknesses. This
result is in agreement with the explanation that because the boundary layer is
the distance over which the fluid temperature is greater than Tm, thicker
boundary layers produce higher temperatures at the tongue surface than to
thinner ones. Higher surface tenmperatures increase tne rate of heat loss and
thus reduce diode efficiency.

Turning attention to the reservoir temperature, T_, in Eq. (12), we
expected and experimentally verified that even at low rates of heating of the
diode tongue, the vigorousness of convection within the reservoir from the
rising tongue fiuw is sufficient to cause the reservoir to operate at
near-isothermal conditions at any instant in time. Thus, T_ 1s determined by
solving a lumped energy balance on the diode accounting for the energy inflow
at the tonque, the energy outflow at the reservcir's back, and energy
storage. This balance is solved iteratively with Eq. (12) to obtain the .
correct values of E and T_.

10



it is of further interest here to examine Eq. 710) for the limiting case
of no heat loss to the outside. For this case, the solutions from Eq. 10 may
be compared with the results obtained from the experiments, for in these, the
heat flux supplied to the tongue is known.

Eq. (10) becomes

4
dé 72(1 + TPy
-~ = ( *«r =0 ,
dx Pr Gr, ¢

and may be integrated immediately to obtain

. . -L/5
§ = (360) /% pe725 (zwpr) M5 ar] : (13)

From Eqs. (8) and (9), the maximum velocity within the ooundary layer
occurs at y = §/3 and for the location x = L, it may be written as

=2/5  .2/5
80 =25 . 45 (4 «
Upax = 50— (360) prd! (5-+ Pr) 6r, i (14)

2. Cool-down Phase. A short time after heating of the tongue ceases,
coavection in the tcugue and the vigorous convective mixing within the
reservoir caused by fluid motion in the tongue stop. The latter heat
transport mechanism is replaced hy a weak convective motion in the reservoir
caused by two simultaneously occurring, indepcndent effects.

The first effect is the result of convective cuoling of the reservoir
Fluid adjacent to the back face of the reservoir caused by heat transport to
the building. The direction of this motion is dow: at the back race of the

reservoir and up through the rcmainder of the reservoir's horizontal cross
section.
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The second effect results from cooling of the reservoir from below by the
tongue. Because the area for this cooling is of wiuth, t, and the reservéir
i3 of a larger width, d, the coocling process attempts to establish norizontal
temperature gradients within the reservoir. Convection occurs because the
fluid cannot support these gradieats. We believe (although it is not as yei
verified) that this convection is cellular in nature because the magnitudes of
the effects of convection and conduction are of equa! order.

As a first approximation to a more detailed model, we will assume here
that all effects in the reservoir that occur in the Y, direciion may be
l.mped. The motivation for this assumption is the absence of any y,-direction
temperature gradients here, as discusscd above. Thus, the heat-conduction
term in the reservoir model becomes one dimensional (in the x_ direction) and
acts through an area of width,. t. The energy storage term accounts for all
the energy stored in the resexvoir fluid of width, d. A term accounting for
heat transport within ihe reservoir caused by the weak mixing described above
is included i1n the model and employs an empirical convection coefficient.

Finally, because of the thinness of the tongue, the tongue model alio
inc ludes the assumption that conduction in the y direction is lumped.

Subject to che above conditions, the dwnensionless form of the enerygy
balance for the reservoir becomes

Mg, 32‘4'.1, 2
—— ) --2— -y Num ‘J’m ’ (15)
9T an

0o
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Num accounts for energy transport within the recservoir caused by weak
convective mixing and is determined from experiments. .

The boundary conditions for this problem are an insulated condition at the
reservoir top and a condition that matches the reservoir temperature with the
tongue temperature at the location where the reservoir and tongue meet. Thus,
the boundary conditions and initial condition become

L1V
3!1-— =0 ’ woo (nm = l’ T) = C‘llj) (ﬂ = 1’ T) +b ’ (163)
and ¥ (ng, t=0)=1 . (16b)
T. - T T.-T \
- a a b \
Here a = y——= , b Zy—71 . (16¢)
iT b i~

Eq. (15) is solved by the usual methods of superposition and separation of
variables to obtain the reservoir temperawure distribution.

b cosh 1. n,

- ———

Vo, (N U = =557

§ (-1)9 b3 * 1/2) n (-1)3 = 4 tanh u]
2 -
iZ0 [ L) W H (5 F12)° #f

_vi\"[‘

e @ cos (j + 1/2)wn,

13



+ap (n =1, 1) ,

(i *1/2) x (=1)' - u tanh u
W+ (i +172)% 42

f cosh y n
ao

J—=—""=-2 5
cosh u

e cos (i + 1/2):nml . (17)

In Eq. (17) both series terms represent the transient portion of
temperature distribution that are dominant for small periods of elapsed ime.
The remaining terms in Eq. (17) represent the steady-state temperature
distribution that persists after long periods of cool-down time have elapsed.

The dimensionless form of the energy balance for the tongue is written as

2 .
W22y gty (18)
ot an

T - Ta X
where “’ETi"-—T;' n=f.3

4
3

L UfL
a=F NufET'

The g¢ term appears in Eq. (18) because the time scaling for this analysis
is the same as it is for the reservoir analysis, whereas the length scales are
different.
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Here, the boundary conditions are an insulated condition at the tongue
bottom and a condition that matches the heat flux from the reservoir to that
intu the tongue at the location where the reservoir and tongue meet. The
latter condition in camoination with the matching of temperatures at the
tongue and reservoir interface ensures that both heat flux and temperature
continuity from the reservoir to the tongue are maintained-

The boundary conditions and initial condition become

ELl -0 , & - -9/, ' (19a)
ELI I ELI L
and y(n, t=0) al . (19b)

Here q is the dimensional heat flux from the reservoir to the tongue, and
q, is a normalizing heat flux defined by

9, =T (T -T)) .

We again employ superposition and separation of variables to obtain tne tongue
temperature distribution.

( ) | q l v COSh vn
w Ny T) = + T_ 1 - +
v'q, sinh v
= (=" W2
2 § —Z——T-‘z e n CoS Nnn » (20)
Nel v

where xﬁ = (n:a)2 + 52 a Nug
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The Fourier series Eqs. (17) and (20) are solved simultaneously* to obtain
the final temperature distributions in the reservoir and tongue,
respectively. Expressions for heat-transfer rates and thermal performance of
the diode during cool-down are ther. obtained directly from these solutions.

II. RESULTS AND DISCUSSION
P.. Flow-Visualization Experiments

Two experiments using high-impact polystyrene beads as flow-visualization
media were performed. In the first experiment, tne tongue was heated at a
rate of 750 W/m? (high-flux case), and in the second, at a rate of 250
N/m2 (low-flux case).

For the high-flux case, we noted that the upflowing stream from the tcngue
traveled along the diode's front face until it reached the free surface at the
top of the reservoir. At this location it turned, moved alonyg the free
surface for some short distance and bugan its descent. The thickness of the
rising layer of fluid in the reservoir was about 1 cm (0.39 in.) and did not
appear to thicken with distance traveled. The remaiader of the reservoir
fluid that was-‘not involved in the upflow moved downward slowly, where, upon
approaching the entrance to the tongue, it acrelerated very rapidly. The
boundary-layer thicknesses in the tongue were about 0.65 cm (0.25 in.) for the
upflow and ahout twice that for the downflow. The upflow velocity was
measured at about 1.7 cm/s (0.67 in./s). Little, if any, interaction between
the two opposing sireams in the tongue was noted. The flow appeared to be
laminar and two dimensional throughout. In addition, we could not detect any
evidence of flow separation as the flow from the rcservoir enterzd the
tongue. Quasi-steady conditions were reached after about 10 minutes of
heating for this experiment, '

After about 1 hour of heating, results tfrom the low-flux case experiment
were similar to those of the high-flux case. The upflow velocity at the top
of the tongue was about 1.1 cm/s (0.43 in./s) and the boundary-layer
thicknesses were approximately those of the high-flux case, Before 1 hour of
heating had elapsed, the upflow from the tongue penetrated only a fraction of

16



the distance into the reservoir before it cooled, turned away from the wall,
and descended. We noted the penetration depth of the upflowing stream into
the reservoir to increase with time, as expected. Again, no strong
interaction between the opposing fluid streams in the tongue was detected.

A comparison between the calculated and measured boundary-layer
thicknesses and velocities within the tongue at x = L for the two experiments
is presented in Table I. The results indicate agreement to within 12% for
boundary-layer thickness and closer agreement for velocity. We feel that the
good agreement validates the model for the data obtained. We further note, by
inspecting Eq. (7), that because the fluid temperature is nearly proportional
to the boundary-layer thickness, similar good agreement should occur between
the measured and calculated temperature distribution. More experiments are
planned to validate this supposition.

TABLE I

COMPARISON OF CALCULATED RESULTS FROM EQS. (13) AND (14)
WITH THOSE FROM THE FLOW VISUALIZATION EXPERIMENTS

Heating Rate

w
Gr §..,.(cm) & (em) wu (cm/s) wu (cm/s)
(ﬂ[@z) L _1flc meas maxca]c maxmeas
750 1 x 1011 0.57 0.65 1.56 1.7
250 3 x 1010 0.72 ~0.65 0.96 1.1

B. Temperature Histories
To date, we have performed several experiments to determine the thermal
behavior of the reservoir during the warm-up and cool-down phases of uperation.
Time/temperature histories at eight locations within the reservoir (see
Fig. 3 for the location of each thermocouple number) during a 750 w/m2
warn-up experiment are shown in Fig. 7. We note the agreement of aill
temperatures to within 1°C. When this experiment was perforied, the
voltmeter/scanner component of the data-acquisition system was capable only of
resolving temperature to witkin 0.5°C. We feel that part of the 1°C
difference in Fig. 7 is caused by this inaccuracy and that the actual
difference is probably closer to 0.5°C. From the results shown in Fig. 7, we
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alsc note that the assumption of a well-mixed reservoir during warm-up is
quite accurate and thus the initial conditions, Eqs. (16b) and (19b), are
validated.

The time/temperature histories at five horizontal locations within the
reservoir during a 12-hour cool-down experiment are shown in Fig. 8. Here,
temperature gradients in the horizontal direction are seen to be small or
nonexistent, as was expected, because of the convective mixing within the
reservoir during this phase.

Calculated [from Eq. (17)] and experimental time/temperature histories at
four vertical locations within the reservoir are compared in Fig. 9. Here,
Tb and I'a were maintained at about a constant 24°C; the initial reservoir
temperature was uniform at about 44°C. The symbols *, #, @, and & represent
calculated temperatures and the solid lines represent experimental data. In
the calculations, the convection coefficient, Num. was assigned the values
of 1.6, 1.9, 1.9, and 0.5 at the four vertical locations, respectively,
starting at the uppermost location. From inspection of Fig. 9, we note that
the reservoir-fluid temperature, as expected, stratifies increasingly with
time. We also note very good agreement (differences of less than 0.5°C)
between the calculated results and the date, the good agreement persisting
throughout the duration of the experiment. Thus, we suspect that Num
depends only on vertical location within the reservoir and possibly reservoir
geometry but not on time or tvemperature differences within the rese: voir or
between the reservo:r and its environment.

III. CONCLUSIONS

The warm-up and cocl-down phases of operatiou of a convective liquid diode
have been analyzed by experiments and theory. Reasonbly good agreement is
obtained between the results from several experiments and those from
relatively simple analytical models; however, furcher validation of the models
is needed. At this stage of research, it appears that, because of the
vigoruus rate of convective heat transport during warm-up and the diminished
rate of heat loss during cosol-down, a well-designed 1iquid convective aiode
should be able to outperform most other passive heating componente.

Along with mGdel validation and refinement, the issues of diode materials
and manufacturing must be addressed. In particular, it 1s essential for good
diode performance to minimize the thermal resistance through the front face of
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the tongue and the back face of the reservoir while maintaining laryge thermal
resistances through the remaining surfaces. Also, uniform material
thicknesses in the tongue are critical in maintaining a uniformly thick flow
passage to ensure proper flow through it and good performance.
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Nup

Pr

L2

Qa

NOMENCLATURE
(T = Ta)/(T§ = Tp)
(Tq = Tp)/(Ty =~ Tp)
Constants in Eqs. (3) and (4)
Biot number, LU_/k, dimensionless
Depth uf reservoir, cm
Thermal efficiency, dimensionless
Collector heat-removal factor, dimensionless
Accelera-ion of gravity, mé/s
Mod' .shof number, gsaL4lv2K. dimensionless
Insoi. incident on glazing covering diode tangue, W/m?
Thermal conductivity, W/cm-K
U /x, em—1
Reservoir height, cm
Tongue height, cm
Empirical heat-loss ccefficient in Eq. (15), dimensionless
Prandt] number, v/k, dimensionless

Heat flux at_inside of tongue surface from irradiation of this
surface, W/m

g+ U (Ta = Ty, W/m2

Net heat flux at inside of tongue surface, W/mé
Temperature, °C

Tongue thickness, cm

x-componen} of velocity in tongue, cm/s

Maximum x-component of velocity in tongue, cm/s
Characteristic velocity in tongue defined by Eq. (9), cm/s

Losszcoefficient from inside front surface of tongue to ambient,
W/cme-K



Up Loss coefficient through the back surface of the reservoir, W/cm?-K
X Vertical coordinate, cm

y Horizontal coordinate

Greek Symbols

a L/, dimensionless

(at)e Effective absorptance-transmittance of glazing and absorbpr surface
on tongue, dimensionless

8 Coefficient of thermal expansion for water, dimensionless
8 /L, dimensionless

Y 2/d, dimensionless

) Instantaneous boundary-layer thickress, cm
n Vertical coordinate, dimensinnless

K Thermal diffusivity, cmé/s

A t/d, dimensionless

u (v2 Nugp/r)1/2, dimensionless

v Kinematic viscosity, cmé/s

T tk/22, dimensionless

™ Time, s

v T -~ Ta/T{ = T, dimensionless

Va Tp = Ta/Th - Ta' dimensionless

Subscripts

o Reservoir
b Building
i Initial

a Ambient
Superscripts

~

Normalized by L
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Footnote p. 2

*The type of thermal diode discussed here should not be confused with that
studied in the past by Buckley (Ref. 2) and others, wherein a mechanical check
valve was installed into a flowing stream to prevent reverse flow. Here the
geometiry of the diode itself is used to eliminate reverse flow.

Footnote p. 3

*In addition, as indicated by Maloney (Refs. 5 and 8), for convective dindes
using water as the working fluid, a third phase of operation exists when,
during cool-uown, the temperature of the cooled surface is reduced below that
at which ine density of water is maximized. During this phase, convection
opposite to that during warm-up is believed to occur and, thus, prevent
freezing of the cooled surface. This feature is useful for applications in
climates where freezing nighttime conditions are common.

Footnote p. 4

*Sufficient space remains between the tongue and reservoir for a layer of
insulation to thermally isolate the cool tongue from the wari reservoir.
Footnote p. 16

*One method to do this proceeds by initially assuming a vaiue for q_ /qq in
Eq. (20) and solving for y(n, t). After obtaining the expression for
qL/qn from Eq. (17), substitute the result y(n = 1, 1) into it to obtain
an improved estimate of q_/q,. This is substituted into Eq. (20) and the
procedure repeated until suitable convergence is achieved.

FIGURE CAPTIONS

Fig. 1. Diode geometry.

Fig. 2. Diode geometry proposed by Maloney (itefs. 6 and 7).

Fig. 3. Thermocouple rake used in diode. Upper part is shown in this
figure. Thermocouples are numbered as shown.

Fig. 4. Thermocouple rake used in diode. Lower part is shown in this figure.

Fig. 5. Boundary layer flow over irradiated diode tongue with heat losses to
the outside temperature

Fig. 6. Variables used in heat transport models.

Fig. 7. Temgerature in reservoir during warm-up. Heat flux to tongue is 750
W/me,

Fig. 8. Tenperature history along horizontal plane in reservoir during
cool-down.

Fig. 9. Temperature histories at four vertical locations in reservoir during

cool-duwn., Solid lines are experimental data and symbols are
calculated results.
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